A model was developed to generate the complex degradation pathway of contaminants initiated by hydroxyl radical in the advanced oxidation processes. The model abstracts chemical structures into mathematic graphs. The manipulation of the graphs enumerates the reactions among the large number of molecules, radicals, and other intermediates in the advanced oxidation processes. Using Canonical Simplified Molecular Input Line Entry Specification (Canonical SMILE) representation, the algorithm was able to simulate the reaction of contaminants containing both chain and ring structures. The input chemicals, reaction pattern, and the reaction rules could be specified by users through a graphical user interface. The degradation pathway of Atrazine was used as an example to demonstrate the capability of the algorithm. The generated reaction pathways were compared with those reported in literatures.
Introduction
Advanced oxidation processes (AOPs) have been widely applied for destroying organic contaminants in water [1] . In AOPs, hydroxyl radical induced chain reactions are the primary mechanisms responsible for the destruction of contaminants. The reaction mechanism normally contains a large number of intermediates and reactions. There has been awareness in the literature that some of the daughter compounds impose more health risks than the parent compounds [2, 3] . However, the study of reaction mechanisms may be costly due to the complexity of the chain reaction. In our previous work, a computer assisted model was developed to explore the pathways of byproducts generated by the hydroxyl radical-induced chain reactions in aqueous phase AOPs [4] . In this work, the model is expanded to have the capacity of modeling reaction pathways of contaminants with ring structures. The fundamental methodology is to abstract chemical structure as graph and use graph theory to enumerate elementary steps of complex reactions. According to graph theory, each reactant and reaction mechanism can be modeled as a graph consisting of nodes (as atoms) and edges (as bonds) [5, 6] . The addition and elimination of the edges could simulate the reactions.
One of the challenges of using graph theory to abstract chemical structures and reactions is the canonicity of graph representation, i.e. one to one mapping relationship between the chemical and the graph denoting it. Canonical notation eliminates the redundancy of pathway because it provides a way to discern whether a generated reaction or product has already been in the system, regardless of the order of atoms in the structure. There have been various studies on the line notation and canonical modeling of chemicals [7] [8] [9] [10] , including our previous work of using canonical tree in modeling chemicals containing chain structures [4] . In this work, the Simplified Molecular Input Line Entry Specification (SMILE) and the canonical SMILE algorithm developed by David Weininger were applied for the canonical abstraction of chemicals and reactions rules [10] . By interpreting SMILE string into graph objects and later converts graph back into canonical SMILE string, our work can inherently support ring structured chemicals because SMILE algorithm supports ring structure. The algorithm is able to canonically representing both chain and ring structure and their reactions.
By canonically abstracting chemical structure using graph theory, our model could achieve reaction enumeration and execution based on manipulation of graphs. The details of reaction enumeration through sub-graph matching from reaction pattern table and execution is elaborated hereafter. The algorithm is implemented using Microsoft C# software package with the Indigo Cheminformatics library [11] to do the molecular structure mod-
Modeling Methodology

Model Input and Output: SMILE String
Notation)
The model utilizes canonical SMILE string of reactants as input at the beginning of reaction chain. The canonical SMILE algorithm could guarantee in generating a unique SMILES notation for a given chemical structure, solving the problem of arbitrary notation with equally valid forms [7] [8] [9] [10] , while at the same time the canonical SMILE could generate different notation for molecular isomers based on their chemical structures. Similarly, at each reaction stage, the intermediate chemicals produced will also be analyzed using the canonical algorithm and transformed into their corresponding canonical SMILE strings, before feeding into the next reaction stage. Therefore, the canonicity is ensured for both the user input reactants and the model simulated products to avoid redundancy. Once each SMILE representation of the chemical is loaded, it will be transformed to its corresponding two dimensional graph form within the model, for the purpose of the subsequent sub-graph pattern matching algorithm. Both the SMILE string form and graph form of the chemical will be used throughout the pathway generation internally, while only SMILE string and its visualization will be displayed as model output.
Reaction Enumeration by Sub-Graph Matching
The model keeps a database consisted of all the reaction rules of the reactions that could happen during an AOP multi-stage reaction. The term "reaction rules" is used here since they are not real reactions, but only the abstraction of reactions derived from literature reports for AOP pathway. There are five major groups of reaction rules, according to the chemical structures of the reactants. The first group, "Hydroxyl Radicals", is consisted of the reactions characterizing the attacking of hydroxyl radicals on molecules. This group could be identified by the existence of the reactant hydroxyl radical (HO • ). The second group, "Carbon-Centered Radicals", consists of the reactions characterizing the consequential reactions of the carbon-centered radicals (reactants with C • ), which is also the identifier of this group. The third group, "Peroxyl Radicals", characterizes the reactions of the peroxyl radicals (reactants with C-O-O
• functional group), which are mainly the decaying of the unstable peroxyl radicals. The fourth group, "Oxyl Radicals", is consisted of the reactions related with O • , which is also the identifier of this group. The last group is consisted of the special reactions that could not be summarized into the above four groups. Most of them are reactions that are not involved with radicals but were present in the AOP process. Some other reactions in this group have much faster reaction rate, which gives them higher priority than the reactions in the previous four groups.
All reaction rules are stored in the model as listed in Table 1 . The name and the SMILE line notation of the reaction rules are listed under the "Reaction rule name" and "Reaction rule formula" columns respectively in each group. Each reaction was abstracted by the functional groups of the reactants involved, plus any arbitrary group (denoted by "R") connecting to them. In order to find potential reactions applicable for the input chemical and intermediate products, the model would iterate through all the reaction rules by using sub-graph pattern matching between the graph of chemical and the graph of reactants defined in the reaction rules. The SMILE string after the reaction name (e.g. "(C-H)" in the first row) denotes the sub-pattern to be matched. In graph theory, a sub-graph of a graph G is defined as having exact same vertices to a subset of G and the corresponding edges. In this work, the atoms are modeled as vertices of the graph and the chemical bonds between the atoms are modeled as edges connecting the vertices. For example, sub-graph matching between the methane (CH 4 ) and the pattern "C-H" defined in reaction rule "H-abstraction" will obtain four results: (C 1 -H 4 ; C 1 -H 0 ; C 1 -H 2 ; C 1 -H 3 ), where the numbers are indices of atoms as shown in the middle of Figure 1 . One of the matchings (C 1 -H 4 ) is highlighted in the right part of the figure. By convention, the carbon atom (C) is omitted in the illustration.
Reaction Execution Modeling
The potential reactions identified from Table 1 would be stored as a list consisting the reaction rule name, the SMILE notation of the participating chemical, and the sub-pattern matching result which is a list consisting the indexes of mapped atoms. The model would then execute the reactions i.e. get the reaction products, by manipulate the bond change or doing modifications on atoms (such as adding radical electron) of reactants for each potential reaction. The exact operation of each reaction rule is predefined by its formula and stored in its corresponding reaction execution table. An example of the reaction rule "O 2 addition" is listed in Table 2 . H-abstraction (C-H) [12] [13] [14] Unsaturated bond addition (R=R) [15, 16] Carbon-Centered Radicals
Special reactions
Aldehydes hydrolysis c (H-C-O) [22, 23] Carbonyl chlorine hydrolysis (Cl-C=O) [18, 24] hydrolysis of alkyl radicals with β-halogen (C • -C-Cl) [25] Hydrolysis of amide d (H-N-C=O) [26] Hydrolysis of some small molecules [27] Dechlorination
Oxidation of glyoxylic acid by [18] a : Peroxyl radicals can decay either bimolecularly or unimolecularly. Bimolecularly decay and Elimination are the main reactions of peroxyl radicals. Other reaction such as electron transfer, H abstraction and double bond addition are ignored because of their insignificance in AOP system [28, 29] ; b : Because of the polarity of the water molecule, β-scission and the 1,2-H Shift of oxyl radicals are accelerated significantly. They almost completely exclude other mechanisms such as H abstraction, disproportionation, and recombination. The latter three mechanisms are typical in either organic solutions or the gas phase but not important in the aqueous phase [18, 30] ; c : Hydrolysis of aldehydes starts from the formation of hydrated molecules (4, 13, 31) . The hydrogen atom attached to the carbon atom carrying the hydroxyl functional group can then be abstracted, and the resultant carbon-centered radical reacts with O2 to form a peroxyl radical. The peroxyl radical then decomposes into a carboxyl group; d : According to Ellington's study, the half life of amide in environment is about 336 d ~ centuries. For hydrolysis of amide, / are formed before breakdown to carboxylic acid and amine. And its reversal to reactants is faster than its breakdown [26] . However, in the presence of hydroxyl radicals, the intermediates may react with the radicals to fasten its breakdown to carboxylic acid and amine.
As shown in the four rows of the table, the formula of "O 2 addition" reaction:
is decomposed into four operations. The first operation, as listed in the first row in the table, manipulates the bond of the reactant(s) with index marked by the "AtomSource" columns. A value equal to 1 means there would be bond change on the first reactant (i.e. R 3 C • ), and similarly value of 2 means the bond change would be on the second reactant (O 2 ). In this specific case, the bond change was taken place on two atoms of the same reactant (O 2 ), thus the "AtomSource1st" is equal to "AtomSource2nd". The indices of the two atoms involved in bond change are listed in "AtomIndex1st" and "AtomInde x 2nd" columns. The value of them in the first row are 0 and 1, indicate that the bond between the 0 th atom in O 2 (O) and the 1 st atom in O 2 (also O) would be changed, by the value (-1) in "Bond change" column. Thus the double bond in O 2 will be reduced to single bond, after the operation defined in the first row. Similarly, there would be a new bond established between O 2 and R 3 C
• as defined in the second row. The two "AtomSource" columns are different in the second row, indicating that both of the reactant would be involved in the bond change, as the bond between their 0 th atom (the value in "AtomIndex" are both 0) would be increased by 1. The operation in the third row does not involve any bond change, so the value in the "Bond change" column is 0, and consequentially the "ReactionType" would be set to indicate the type of special operation to be performed on the atoms. In this case, the "Reaction type" is "RemoveRadical", which would remove the radical electron from the 0 th atom in the first reactant (R 3 C • ). Similarly, the operation in the fourth row would add one radical electron to the 1 st atom in the second reactant (O 2 ), as the "Reaction type" is "AddRadcial". In these later two cases, the "AtomIndex2nd" and "AtomSource2nd" columns are unused, since there is only one reactant involved in the "RemoveRadical" and "AddRadical" operations.
In this step, the reactants are real chemicals or intermediate products, rather than the patterns of functional groups in the abstracted reactions in section 2.2. The exact location of the operation is determined by the mapping of the chemical to the sub-pattern of the reaction rule. This ensures the definition of each reaction rule could be applied to all chemicals that could have one or more matching to the sub-pattern in that reaction rule, regardless of their complete chemical structures. All illustration of the process is given in the example below.
Running Example: "O 2 Addition" Reaction of Radical Trichloroethylene
Trichloroethylene (TCE) is a chemical compound that has been identified by EPA of proposing acute and chronic health risk to human exposure. Abstracting of a chlorine radical from TCE generates a carbon centered radical: O 2 is abundant in the water and is a default reactant in the reaction system. After transforming the carbon centered radical and O 2 into their canonical forms (reordering of atoms), the first step of reaction modeling will go through the chemicals and identify all the possible reactions these chemicals can take. The carbon centered radical can only match with the "O 2 addition" reaction rule, while O 2 will also match with the "O 2 addition" reaction rule. The sub-graph of the first reactant is [C] • i.e. carbon with one radical electron and the matching result is the carbon with index of 2. The sub-graph of the second reactant is O=O, and both of the atoms (with indices 5 and 6) of oxygen molecule are mapped, as highlighted below:
With the sub-graph mapping result, the reaction execution modeling could execute this reaction according to the operations defined in Table 2 , which includes two bond change and a radical electron transfer. In the first step, according to the first row of the table, the bond order will be decreased by one between the atoms indexed by 0 and 1 in the second sub-graph. According to the sub-graph mapping result, the bond change will happen between atom 5 and 6, in the oxygen molecule in Figure  3 , because the mapping of the second sub-graph is (O 0 →O 5 , O 1 →O 6 ). Similarly, the bond order will be increased by one between atom 2 in radical trichloroethylene and atom 5 in oxygen molecule, because the mapping of the first sub-graph is (C 0 →C 2 ) and the second sub-graph is (O 0 →O 5 , O 1 →O 6 ). In the third row of the table the "RemoveRadical" operation would be applied on the first reactant, on atom with index 0. Thus according to the mapping, the atom 2 of radical trichloroethylene will lose its radical electron. In the last step, the atom 6 of the oxygen molecule will gain a radical electron. The final result is shown below: 
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Model Application: Reaction Pathway for Atrazine
Atrazine (2-chloro-4-ethylamino-6-isopropylamino-1,3,5-triazine) is one of the most common herbicides found in groundwater and surface water [31, 32] . Figure 5 summarized the current literature reports on the atrzine degradation mechanism in advanced oxidation processes.
As shown in dash circles in Figure 5 , the structure of atrazine contains three main functional groups attached to the triazine ring: isopropylamino group (a), chloro group (b), and ethylamino group (c). Hydroxyl radical attacks the three functional groups and the unsaturated ring structure to degrade the compound. In the figure, R1, R2, and R3 denote the molecular structure of atrazine after removing the fuctional group a, b, and c respectively. In the advanced oxidation processes, the oxidation of these groups follows the pathway I, II and III as depicted in Figure 5 .
The major final product is ammeline [33] [34] [35] [36] [37] . The dealkylation and dechlorination occur as parallel reactions [38] . The degradation of isopropylamino group starts from the abstraction of an H atom by hydroxyl radical. Although all three carbon-hydrogen bonds and the nitrogen-hydrogen bond are possible to be abstracted a hydrogen atom, the reported experiments show that the H-abstraction occurs only on the tertiary carbon. This is due to the fact that N is more electronegative than C and the tertiary C can form a more stable radical structure by H abstraction than secondary C and primary C. The pathway generator has priority setting of tertiary > secondary > primary. The generated pathway for this step is as below. (1) The further degradation of the carbon centered radical leads to the acyl species (i.e. a1 in Figure 5 ) by peroxyl radical mechanisms. [34, 41, 42] . The pathways generator predicted the formation of acyl species step by step. By O 2 addition (reaction 2), the carbon centered radical first formed a peroxyl radical. Two peroxyl radicals can undergo head-to-head recombination to form a tetroxide structure (reaction 3). The decomposition pathway for tetroxide depends on the structure and functional groups of the tetroxide [18] . Due to the unavailability of H atoms at the α-position to the peroxyl function, only one mechanism of bimolecular decay could occur, which lead to an oxyl radical (reaction 4) [18] . The oxyl radicals then underwent β-scission (reaction 5) to yield acyl species. Final product of this pathway is amine group (a2 in Figure 5 ). It is produced through dealkylation [34, 41, 42] of the acyl species. This is a water molecule assisted process and is predicted as the hydrolysis of R1-NHCOCH 3 .
The pathway of ethylamino group (pathway III) is similar to those of the isopropylamino group (pathway I). First, a carbon centered radical was formed through H abstraction on the secondary carbon [38] [39] [40] . Abstraction from the secondary carbon predominant due to the fact that the resulted carbon centered radical is more stable than that from the primary carbon.
The carbon centered radical forms peroxyl radical through O 2 addition.
(8)
The pathway generator has predicted formation of three intermediate groups c1, c2 and c3 (shown in Figure  5 ) via peroxyl radical mechanisms plus β-scission of oxyl radicals. These intermediates are consistent with the peroxyl radical mechanisms in the literature [34, 41, 42] . Finally, the three intermediates groups (c1, c2 and c3 in Figure 5 ) formed amine group (c4) [33, 34, 41, 43] . In the generated pathways, c1, c2 underwent hydrolysis directly, where c3 has been transformed to c2 in the previous steps (reaction 14-16).
(17) (18) Many reports have described dechlorination (pathway II) as a major pathway of atrazine in the photo-initiated hydroxyl radical processes [34, 44, 45] , and some literature pointed out that the atrazine hydroxylated derivatives are the result of directly photolysis rather than the product of hydroxyl radical processes [37] . However, there are also reports presenting the formation of dechlorinated atrazine in other hydroxyl radical systems, such as Fenton's system [33, 35] and ozone/hydrogen peroxide system [39] with small quantities. Although there is no consensus at present, the dechlorination by photolysis has been reported for many chlorinated compounds. In our model, dechlorination is also considered. The dechlorina-tion was initiated through a hydroxyl radical attacking the C-Cl position of atrazine. (19) 
Conclusions
In this work, an enhanced modeling framework for pathway generation for hydroxyl radical-induced reactions in advanced oxidation process was developed. It is able to enumerate reaction possibilities based on reported elementary reactions for hydroxyl radicals. Competing mechanisms can be selected based on priority settings. The generated reaction pathways for atrazine could be used to explain the formation of experimentally detected byproducts. The model enables alternating and editing reaction rules and their corresponding operations through a graphical user interface to investigate new elementary reactions. The input information is stored as XML databases that are exchangeable between models in different sites. The reactions stored in the model are conceptual, i.e. the reactants are functional groups rather than real chemicals. In the execution of reaction, the functional groups will be mapped back to real chemical to manipulate the bond changes. Thus the whole AOP process can be described in a limited number of reactions.
